Introduction {#sec1}
============

Research on catalysis has been traditionally divided into subfields of molecular catalysis and heterogeneous catalysis, depending on the nature of the catalysts that are being studied. Such a division has played a positive role in the development of the respective subfields because there are indeed significant differences in the methodologies best suited for the studies of these different systems. The understanding of catalysis, however, has advanced to a point where we see a clear need for convergence, as manifested by a rapidly growing body of literature aimed at advancing both molecular and heterogeneous catalysts. On the one hand, the rich knowledge of molecular catalysis makes it possible to tailor-design and fine-tune catalyst activities for ever-better performance as measured by metrics such as turnover frequencies (TOFs).^[@ref1]^ On the other hand, the outstanding stability of heterogeneous catalysts renders them a desired form for practical applications as measured by metrics such as high overall turnover numbers (TONs).^[@ref2]^ Together, a heterogeneous catalyst that features active moieties with molecular level understanding and control is the most coveted for both activity and longevity.^[@ref3]^ More importantly, such a catalyst would be far more versatile for a wide range of chemical transformations. Indeed, within the context of solar fuel synthesis, significant efforts have been recently undertaken toward the direction of heterogenizing molecular catalysts. For instance, Meyer et al. have pioneered this area by anchoring Ru mononuclear and dinuclear water oxidation catalysts (WOCs) onto metal oxides.^[@ref4]−[@ref6]^ Similar approaches have been demonstrated by Sun et al. on Ru- and Co-based molecular WOCs.^[@ref7],[@ref8]^ To this end, some of us (Brudvig and Batista) have shown that Ir-based heterogenized molecular catalysts are more active than the amorphous oxide derivatives, highlighting the importance of maintaining the molecular structure for the reactivity.^[@ref9],[@ref10]^ Similarly, Tilley and Bell et al. have immobilized Co- and Mn-based molecular catalysts onto SiO~2~.^[@ref11],[@ref12]^ Li et al. have also demonstrated both photoelectrochemical (PEC) and photocatalytic water oxidation on anchored Co molecular catalysts.^[@ref13],[@ref14]^ For the reduction reactions, Reisner et al. have coupled TiO~2~ with Ni- and Co-molecular catalysts for CO~2~ and H~2~O reduction.^[@ref15],[@ref16]^ Chang et al. explored anchored supermolecular complexes for C--C coupling reactions by CO and CO~2~ reduction.^[@ref17],[@ref18]^ This progress notwithstanding, the community sees a critical deficiency in this line of research in that there is a lack of direct experimental evidence to unambiguously support the proposed structures of the heterogenized catalysts. The deficiency has been partially addressed by Iwasawa et al.^[@ref19]^ and Gates et al., separately.^[@ref20]−[@ref23]^ A breakthrough in studying the detailed structures of immobilized molecular catalysts was made recently by us on Ir dinuclear heterogeneous catalysts (DHCs), where unambiguous experimental data were obtained using high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), extended X-ray absorption fine structure spectroscopy (EXAFS), and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).^[@ref24]^

While our latest result highlights the importance of the supporting substrate in facilitating the transformation of the molecular Ir homogeneous precursor to an Ir DHC, it raises an important question concerning the binding mode of the newly formed heterogeneous catalysts. That is, is the side-on binding mode as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a the only way to stabilize the catalyst on a substrate? In other words, in the event where the supporting substrate lacks the binding pockets that would match the atomic distance between the two Ir centers, would we expect an end-on binding mode as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b? Answers to this question are important not only because they hold the key to broad implementations of the synthesis strategy, but also because it has implications for the study of reaction mechanisms that would benefit from a second, dangling active metal center, similar to the Mn~dangling~ center of the WOCs in natural photosystem II.^[@ref25]^ Here, we report a direct experimental observation of the end-on binding mode that provides a definitive answer to this question. The end-on bound Ir DHCs exhibit a higher activity toward water oxidation than the side-on bound Ir DHC or Ir single atom catalysts (SACs), possibly due to the flexibility of the top Ir center.

![Schematics of our synthesis strategy for side-on and end-on bound DHCs. Starting from molecular dinuclear precursors, the catalyst is first adsorbed onto a substrate, and then the organic ligands are removed by photochemical treatments. The binding mode is defined by the structure of the substrate. When dual binding sites with the suitable density and distance are available (such as on Fe~2~O~3~, panel A), a side-on mode is preferred. Otherwise, the end-on mode is preferred (such as on WO~3~, panel B).](oc-2018-003358_0001){#fig1}

Synthesis Strategy for End-On Bound Iridium DHCs {#sec2}
================================================

Our first task for this present work was to identify a supporting substrate that would favor the end-on binding mode. It was hypothesized that the side-on binding mode would be obtained when there are dual surface binding sites separated at or close to ca. 3.5 Å, which is the separation between two iridium atoms in the Ir molecular precursor. To test this hypothesis, we screened the following oxides, Fe~2~O~3~, TiO~2~, CeO~2~, and WO~3~. It was found that, other than WO~3~, all other oxides feature thermodynamically stable surfaces with a sufficiently high O density to construct two binding sites with suitable distances to stabilize a side-on bound Ir DHC ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information). We, therefore, have chosen WO~3~ as a study platform for this work. Building upon our recent successes in synthesizing Ir DHCs on Fe~2~O~3~, we carried out the synthesis by a soaking method, followed by UV treatments (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) for experimental details). Subsequent X-ray photoelectron spectroscopy (XPS) and electron energy loss spectroscopy (EELS) studies confirmed that the N-containing pyalc ligands were completely removed ([Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information).

Evidence of the Binding Mode by *in situ* DRIFTS {#sec3}
================================================

We next employed *in situ* DRIFTS to probe the Ir DHC structures. As has been shown by others and us, DRIFTS is a powerful technique to report on the relative positions of Ir atoms on a substrate.^[@ref24],[@ref26]^ Here our main goal was to distinguish the structure of the targeted end-on bound Ir DHCs from the following alternatives, (i) side-on bound Ir DHC, (ii) Ir SAC, and (iii) aggregated Ir nanoparticles. From the data shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, we immediately ruled out the possibility that Ir nanoparticles were present, which would correspond to a broad peak at ca. 1850 cm^--1^ due to the bridged CO adsorption between adjacent Ir atoms.^[@ref24]^ The second structure we ruled out was Ir SACs, which would yield two characteristic singlet peaks at 2096 and 2050 cm^--1^ ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information). Similarly, we excluded the possibility of side-on bound Ir DHCs by the lack of the dual singlet peaks in the DRIFTS ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information). With all these alternative possibilities considered, the only natural conclusion supported by this set of data was that the unique dual doublet DRIFTS peaks centering at ca. 2100 and 2050 cm^--1^ are due to the end-on bound Ir DHCs. Of these two groups of peaks, the doublet at the high wavenumber (ca. 2100 cm^--1^) is ascribed to the asymmetric stretching of the CO probe, and that at the low wavenumber (ca. 2050 cm^--1^) is due to the symmetric stretching. Within each doublet, the higher wavenumber peak (2110 and 2062 cm^--1^) reports on the bottom Ir atom, and the lower wavenumber peak (2090 and 2044 cm^--1^) reports on the top Ir atom.

![Determination of the binding mode of Ir DHCs on WO~3~. (A) *In situ* CO DRIFTS spectra and the simulated peaks by DFT. (B) The structure model used for the simulation. Green ball: Ir, brown ball: C, red ball: O, white ball: H, and gray ball: W.](oc-2018-003358_0002){#fig2}

Our understanding of the DRIFTS data is supported by density functional theory (DFT) calculations. For this purpose, we relaxed the Ir DHCs on WO~3~ (020) surface terminated with O and H~2~O ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf), and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf)). Here the WO~3~ (020) surface was chosen because our X-ray diffraction (XRD) patterns and scanning transmission electron microscopy (STEM) data revealed that the WO~3~ substrate studied in this project exhibited a preferable exposure of the (020) facets ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information). The Ir--O--Ir unit is bound to WO~3~ by a single O atom. Importantly, the structure model optimized by DFT permitted us to simulate the expected stretching frequencies of adsorbed CO on the end-on bound Ir DHCs. The calculated peak positions (2119, 2058 cm^--1^ and 2087, 2043 cm^--1^) are in excellent agreement with the experimental data, providing us strong confidence of the proposed structure as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b.

Structural Evolution from Ir DHCs to Iridium SACs {#sec4}
=================================================

Examinations of the structure as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b prompted us to study how the structure of end-on bound Ir DHCs change under synthesis conditions. A critical concern we had to address was whether the end-on bound Ir DHCs would be readily transformed to Ir SACs by the breaking of the μ-oxo bridge. It was found that under the preparation conditions (UVO cleaner system, more information in Supporting Information), we observed only Ir DHCs for durations at or shorter than 40 min. Interestingly, longer photochemical treatments (\>40 min) only yielded aggregated Ir nanoparticles, but not Ir SACs. As a control experiment, we observed Ir SACs on WO~3~ by *in situ* photochemical treatments in the DRIFTS apparatus or under e-beam irradiation in the STEM chamber ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) and associated *in situ* STEM discussions in Supporting Information). It is noted that the DRIFTS spectral features of Ir SAC on WO~3~ are distinctly different from those of Ir DHCs, whereas the former exhibits two singlet peaks at 2096 and 2050 cm^--1^ ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information), in good agreement with the simulated data based on the DFT model of Ir SAC on WO~3~. We were, therefore, encouraged to propose that H~2~O in the atmosphere during the photochemical treatments in the UVO cleaner chamber with the relatively high humidity facilitates Ir aggregation once an Ir DHC is decomposed. Preliminary DFT calculations show that the energy to break the Ir~top~--O bond in the Ir~top~--O--Ir~bottom~ unit is comparable to that of the Ir~bottom~--O bond in the Ir~bottom~--O--W unit if the solvation effects of H~2~O are considered. The resulting stable structure would be Ir nanoparticles instead of Ir SAC. In the absence of H~2~O solvation effects, however, the Ir~bottom~--O bond is stronger than the Ir~top~--O one, suggesting that Ir SAC on WO~3~ is favored once the Ir--O--Ir unit is dissociated ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) and more discussions in Supporting Information). When confirmed by further research, this understanding will likely have important implications for the efforts focused on the synthesis of atomically dispersed catalysts.

Further Confirmation of the End-On Binding Mode by HAADF-STEM {#sec5}
=============================================================

HAADF-STEM was subsequently carried out to directly visualize the end-on bound Ir DHCs on WO~3~. While Ir DHCs may be readily distinguished from aggregated Ir nanoparticles by STEM, it is difficult to differentiate an end-on bound Ir DHC from an Ir SAC as both would appear in an STEM image as a single bright spot, due to the projective nature of STEM observations. The challenge is exacerbated by the fact that Ir and W feature comparable Z contrasts as a result of their close atomic weights. To combat this challenge, we simulated the HAADF-STEM data based on the structure model as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a (left panel). For quantitative comparisons, the thickness of the simulated structure model (ca. 0.77 nm) was chosen to represent that of the observed sample, which was confirmed by the following complementary techniques for accuracy, low-loss EELS, STEM analysis and position averaged convergent beam electron diffraction (PACBED), as well as the associated simulations ([Figures S10--12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information). We see from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,d that the presence of an Ir DHC would yield an increase of the line scan intensity by 55%, whereas an Ir SAC would increase the intensity by 45%. Experimentally, we observed a ca. 55% increase in the Ir DHC ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) and a ca. 40% increase in the Ir SAC ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f). Combining this set of data with the HAADF-STEM images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,e and [Figure S13--14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information), as well as the DRIFTS data ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), we concluded that we have successfully synthesized Ir DHCs in an end-on binding mode.

![HAADF-STEM studies of end-on bound Ir DHCs on WO~3~. (A) Atomic structure of Ir DHCs on top of WO~3~ (020). Top left: top view; bottom left: side view. Simulated STEM image from the top view (top right), as well as a representative line scan profile of one Ir DHC against the WO~3~ supporting substrate (bottom right). The positions of the Ir DHCs are marked by orange circles in the simulated STEM image, and the orange-shaded peaks indicate the position of Ir DHCs. (B) Experimental STEM image, in which the region for the line scan profile is marked by the green box. The white circles highlight Ir DHCs. (C) Line scan profile of the region highlighted in (B). (D) Simulated atomic structure of Ir SACs on top of WO~3~ (020). The arrangement of the panels is identical to (A). (E) Experimental STEM image, in which Ir SACs are highlighted by the white circles. The green box marks the region where the line scan profile in (F) was obtained. (F) Line scan profile of the region shown in (E). Scale bars for (B) and (E): 1 nm.](oc-2018-003358_0003){#fig3}

Catalytic Characterization of End-On Bound Ir DHCs {#sec6}
==================================================

With the structure and the binding mode of Ir DHCs on WO~3~ confirmed, we next carried out H~2~O oxidation reactions to characterize the catalytic properties. For these experiments, we employed an electrolyte of pH 3.0 (0.1 M K~2~SO~4~, pH adjusted by H~2~SO~4~). Previous research has shown that WO~3~ is active toward H~2~O oxidation, and the associated photocurrent--voltage (*J--V*) curves feature high fill factors (FF), indicative of fast charge transfer.^[@ref27]^ Such a characteristic was indeed observed by us. If we used the photocurrent density at 1.23 V vs RHE as the short-circuit current density (*J*~sc~), and the voltage where 0.1 mA/cm^2^ photocurrent was measured as the open-circuit potential^[@ref28]^ (*V*~oc~) and treated the data as a diode-based solar cell, an FF of 0.37 would be obtained. By comparison, bare Fe~2~O~3~ would yield an FF of 0.19 without cocatalysts. The presence of Ir SACs and DHCs improved the FF marginally to 0.42 and 0.47, respectively ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf)). No measurable difference was observed between their turn-on characteristics.

The most critical difference between samples with and without Ir DHCs or SACs was found in the product selectivity. Due to slow kinetics toward a four-electon pathway to produce O~2~, WO~3~ is known to facilitate a two-electron pathway of H~2~O oxidation, yielding peroxides as a product.^[@ref29]^ By comparison, Ir-based catalysts are expected to favor the four-electron pathway of complete H~2~O oxidation to O~2~.^[@ref30]−[@ref33]^ We, therefore, performed product detections. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the total detected O~2~ and peroxide account for ca. 100% of all charges measured. Among the samples studied, 38% of peroxides were measured on bare WO~3~ under our experimental conditions; the number for Ir DHCs on WO~3~ was only 9%, and that for Ir SACs on WO~3~ was 23%. They strongly suggest that despite the catalytic activity of bare WO~3~ toward two-electron H~2~O oxidation, charges prefer to find Ir catalytic sites for four-electron H~2~O oxidation. The competing process would be two-electron H~2~O oxidation on exposed WO~3~ surfaces. The comparison between Ir DHCs and SACs further highlights the benefit of the second, dangling Ir atom in facilitating H~2~O oxidation reactions, the details of which were studied next by DFT.

![Catalytic activity of Ir DHC and SAC on WO~3~, as well as bare WO~3~. (A) Photocurrent density voltage data. (B) Product selectivity toward O~2~ evolution vs peroxide species formation. The error bars represent variations of measurements on five different batches of samples. (C) Proposed mechanism of the Ir DHC as studied by DFT calculations. A--H in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C represent the DFT optimized intermediates.](oc-2018-003358_0004){#fig4}

The DFT calculations were conducted based on the proposed mechanism as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, where multiple proton-coupled electron transfer (PCET) steps are involved. Due to the coordination environment difference of the two Ir atoms in an end-on bound Ir DHC, Ir~top~ was assumed to be slightly more electron rich. It would undergo PCET to build an oxidizing potential first (steps A → B in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), followed by two consecutive PCET processes and the O-O bond formation step to yield Ir-OOH (F in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The free energy changes of the three PCET steps are 1.30, 1.33, and 1.11 eV, respectively, at *U* = 0 V (*U* is the applied potential; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). When similar calculations were performed on Ir SACs on WO~3~, it was found that a different pathway would be preferred ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information) because a third PCET to oxidize the Ir SAC after the first two PCET steps would require too high an energy (1.85 eV; [Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf) in Supporting Information). The results further highlight the benefit of having a second Ir site for four-electron H~2~O oxidation. They set the stage for more accurate calculations to include potential influences by the supporting substrate (WO~3~) and the solvents.

The DFT results of end-on bound Ir DHCs can also be compared with side-on bound Ir DHCs. As detailed in [Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf), compared with the side-on bound Ir DHC, the end-on bound one consumed lower energy to bind water during the nucleophilic attack (D → E) and oxygen release (G → H) due to the flexibility of the Ir--O--Ir unit. Ideally, the comparison would be more meaningful if one could construct end-on and side-on bound Ir DHCs on the same substrate. Unfortunately, such a possibility is not yet observed experimentally. Our results show that when side-on binding is possible (owing to the relative closeness of Ir binding sites on the surface, such as on Fe~2~O~3~), no end-on bound Ir DHCs are observed. We, therefore, caution the qualitative nature of such a comparison as shown in [Figures S19 and S20](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf). Notwithstanding, the excellent performance of end-on bound Ir DHCs reminds us of the Mn~dangling~ moiety in the Mn~4~CaO~5~ catalytic center in PSII, where it has been proposed that the dangling atom will lose electrons, and that H~2~O nucleophilic attack for the O--O bond formation may occur on the dangling Mn.^[@ref34]^ Within this context, we see that the results presented here may have significant implications for constructing catalysts with a similar structure flexibility for complex chemical reactions.

Conclusions {#sec7}
===========

The development of catalysis sees a clear trend of convergence, where the benefits of both molecular and heterogeneous catalysis may be combined for better overall performance in terms of TOFs and TONs. Within this context, we obtained an Ir DHC that maintains the atomic arrangement of the molecular precursor but is bound to the supporting substrate of WO~3~ in an end-on mode. Spectroscopic (DRIFTS, EELS) and HAADF-STEM results strongly support the dinuclear nature of the catalyst, as well as the end-on binding mode. The binding mode is further supported by DFT calculations. Together with the previously reported side-on bound Ir DHCs, the results prove that rich configurations of atomically dispersed heterogeneous catalysts are possible. Importantly, the resulting catalysts show superior performance for H~2~O oxidation in comparison to bare substrate. As such, the results represent an important step toward tailor-designed, atomically defined heterogeneous catalysts for important chemical transformations such as solar fuel synthesis.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00335](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00335).Details of synthesis, characterization, and computational methods ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00335/suppl_file/oc8b00335_si_001.pdf))
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